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Based on first-principles method we predict a new low-energy Stone-Wales graphene SW40, which has an
orthorhombic lattice with Pbam symmetry and 40 carbon atoms in its crystalline cell forming well-arranged
Stone-Wales patterns. The calculated total energy of SW40 is just about 133 meV higher than that of graphene,
indicating its excellent stability exceeds all the previously proposed graphene allotropes. We find that SW40
processes intrinsic Type-III Dirac-cone (Phys. Rev. Lett., 120, 237403, 2018) formed by band-crossing of a local
linear-band and a local flat-band, which can result in highly anisotropic Fermions in the system. Interestingly,
such intrinsic type-III Dirac-cone can be effectively tuned by inner-layer strains and it will be transferred into
Type-II and Type-I Dirac-cones under tensile and compressed strains, respectively. Finally, a general tight-
binding model was constructed to understand the electronic properties nearby the Fermi-level in SW40. The
results show that type-III Dirac-cone feature can be well understood by the π-electron interactions between
adjacent Stone-Wales defects.
PACS numbers:
The experimental synthesizing of two-dimensional (2D)
graphene1–3 and graphdiynes4,5 opened the door to the
2D carbon-word and have attracted much scientific ef-
forts to reveal their fundamental properties and potential
applications1,6–9. With excellent mechanical and electronic
properties1,6,7, graphene is believed as a potential candidate
for replacing silicon in future nano-electronics as new build-
ing block10. To design pure-carbon nano-divice, 2D carbon
allotropes can provide us rich electronic properties for differ-
ent functional requirements. For example, R57−111, R57−212,
H56712, O56712, ψ-graphene13,14, OPG-L33, net-τ15 and other
2D carbon allotropes16–24 with normal metallic property can
be used as electron conductors. The semiconducting oc-
tite SC19, pza-C1025, Θ-graphene26,27 and γ-graphyne28,29
are proper candidates23,30,31 for building diodes and transis-
tors. The graphene1–3, phagraphene32, OPG-Z33 and SW-
graphene23 as Dirac-cone semi-metals23,30,31 with high car-
rier mobility can be used to construct high-speed nano-device.
Especially, the freedom of rotation in graphene bilayer bring
us the surprising phenomenon of superconductivity in some
magic degrees34–37, which has set off a new round of research
upsurge on low-dimensional carbon systems38–41.
Recently, Dirac-cones with highly anisotropic property
have attracted tremendous attentions as the great importance
for the direction-dependent optical and electronic properties.
It is reported that the anisotropic band dispersions can be in-
duced in graphene through external Periodic Potentials42,43 or
elemental doping45. In fact, intrinsic anisotropic Dirac-cones
can be realized through graphene allotropes23,32,33 and gra-
phyne allotropes31,41,46,47, such as OPG-Z33, phagraphene32
and SW-graphene23. However, the anisotropies of the Dirac-
cones are usually not very strong. Recently, new types of
Dirac cones, i.e.type-II48–51 and type-III Dirac cones52, have
been proposed and attracted tremendous attentions. These
new types of Dirac fermions have different properties with
type-I Dirac fermions48, especially with very high anisotropic
Fermi velocities around the Dirac cone. However, the type-II
and type-III Dirac fermions seem to be much less common
the type-I Dirac fermions in pure 2D carbon systems. We
notice that only OPG-Z33 possesses remarkable anisotropic
properties due to its Type-III like Dirac-cone52, however, its
calculated total energy is 345 meV/atom higher than that of
graphene, indicating that it is difficult to be synthesized in
future experiments. Therefore, to theoretically propose ex-
perimentally viable 2D carbons with type-II or type-III Dirac
fermions52 and highly anisotropic properties is of crucial im-
portance for both fundamental and practical interests.
In this work, we report our discover of a new Stone-Wales
graphene (SW40) with intrinsic type-III Dirac-cone and ex-
cellent stability. SW40 contains 40 carbon atoms in its or-
thorhombic crystalline cell and well-arranged Stones-Wales
patterns. Its calculated total energy is only 133 meV/atom
higher than that of graphene and lower than those of all the
previously predicted 2D carbons. The calculated electronic
properties reveal that SW40 processes intrinsic type-III Dirac-
cone formed by band-crossing of a local linear-band and a lo-
cal flat-band. Such an intrinsic type-III Dirac-cone can be ef-
fectively tuned by the in-plane strains and it will be transferred
into Type-II and Type-I Dirac-cones under tensile and com-
pressed strains, respectively. Finally, a general tight-binding
model was constructed to understand the Dirac-cone features
in SW40, which can be understood by including the interac-
tions between adjacent Stone-Wales defects.
To search new 2D carbon allotropes with both remarkable
stability and highly anisotropic Dirac-cone, we performed
stochastic group and graph constrained searches54,55based on
our previously developed RG2 code23,56,57, which is a high-
efficient code for generating crystal structures with well-
defined structural-feature58–62. The first-principles calcula-
tions are performed by the widely used VASP code63, with the
projector augmented wave methods (PAW)64,65 and the gener-
alized gradient approximation (GGA)66. A plane wave basis
with cutoff energy of 500 eV is used to expand the wave func-
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FIG. 1: Part I: The calculated total energies of all the previously predicted (red solid circles) and the newly discovered (blue solid hexagons)
2D carbon allotropes plotted as functions of the corresponding carbon densities. Part II: the optimized crystalline structures of the 30 newly
discovered 2D carbons together with their names (sn-in-tn-rs) and energies (eV per atom). The nomenclature of ”sn-in-tn-rs” is designed for
revealing the fundamental crystal information of the space group number (sn), inequivalent atom number (in), total atom number (tn) and
carbon ring sequence (rs).
meshes are set to be dense enough to ensure the convergence
(11×11×1 for SW40). All the 2D carbon structures are fully
optimized until the residual forces on every atom is less than
0.001 eV/Å. The convergence criteria of total energy is set to
be 10−7 eV and the thickness of the slab-model is set to be
larger than 15 Å to avoid spurious interactions between adja-
cent images. The open-free PHONOPY code67 is employed
to simulate the vibrational spectrum of SW40.
Our RG2 generates 90 unequal 2D sp2 carbons including
most of all the previously predicted ones and 30 new al-
lotropes as shown in Fig. 1 and Fig. S1. To reveal their funda-
mental structural information, all the 2D carbon allotropes are
named as ”sn-in-tn-rs” according to their space group num-
bers (sn), inequivalent atom numbers (in), total atom numbers
(tn) and ring sequences (rs). For the newly discovered 30 2D
carbons, their names are shown in Fig.1 together with their op-
timized crystal structures and the corresponding total energies
relative to graphene. We can see that these newly discovered
2D carbon allotropes are all three-connected and they contain
mixed 4-, 5-, 6-, 7-, 8-, 9-member rings in their bodies. It
is noticed that 55-10-40-r567-1 can be considered as a new
Stone-Wales graphene23 with well-arranged Stone-Wales de-
fects in its body as shown in Fig. 2 (a) and we further share
it a short name of SW40 according to its total atom number.
As shown in Fig. 2 (b), SW40 possesses another structural
feature that it can be structurally constructed through a 90◦-
rotation of carbon-dimmer in a given orthorhombic supercell
of graphene. Such a structural feature is very similar to the
previously predicted SW-graphene23, Pza-C1025, R57−212 and
OPG-Z33 as shown in Fig. S2.
To discuss the relative stabilities of these newly discovered
2D carbon allotropes, their calculated total energies relative to
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FIG. 2: (a) The optimized crystal structure of SW40 with well-arranged Stone-Wales defects as colored in blue and red. (b) The potential
structural transition pathway from a given graphene supercell to SW40. (c) The calculated phonon band structure of SW40.
graphene are plotted in Fig .1 together with the corresponding
carbon densities. The results show that most of these newly
discovered 2D carbons are more stable than the previously
proposed T-graphene (518 meV/atom)20–22. Especially, the
total energy of SW40 is only about 133 meV higher than that
of graphene and it is lower than those of all the previously
predicted 2D carbon structures, including the recently synthe-
sized phagraphene (201 meV/atom) and TPH-graphene (419
meV/atom)53. Such an excellent stability indicate that SW40
is an expectable target for future experiment.
The vibrational spectrum of SW40 was calculated to eval-
uate its dynamical stability as shown in Fig. 2 (c). There is
no any negative frequency appearing in phonon band struc-
ture, indicating that SW40 is dynamically stable under small
vibration. The thermal stability of SW40 is also investi-
gated by ab initio molecular dynamics simulations through
a 2×3×1 supercell. After heating at 300 K and 500 K for 5
ps with a time step of 1 fs, the structure of SW40 remains
intact and the total energies only oscillate about a constant
value as shown in Fig. S3. Such results suggest that SW40
crystal is thermally stable and room temperature. Since 2D
graphene with Stone−Wales defects have been synthesized in
experiments68 and the periodic non-hexagonal carbon-rings
have been realized in graphene nanoribbons53,69, SW40 is ex-
pected to be realized in future. It is noticed that the previously
proposed phagraphene32 and TPH-graphene53 was recently
synthesized53 by the widely-used molecular assembly70,71
method. Thus, it is highly desirable that SW40 can be real-
ized through assembly of ethylene and benzene (or naphtha-
lene and azulene) as shown in Fig. S4.
Fig. 3 (a) shows the DFT-based band structure of SW40 in
the first BZ along high symmetric k-path Γ(0, 0)→ X(0.5, 0)
→ R(0.5, 0.5)→ Y(0, 0.5). It is interesting that there is a dis-
torted Dirac-point (locating at D (0, 0.115)) formed by the
crossing of a local linear-band and a local flat-band at the
Fermi-level. To further confirm such a band-crossing, the de-
composed charge density nearby the Dirac-point are calcu-
lated and shown in Fig. S5. One can see that the charge densi-
ties at the two sides of the Dirac-point are inverted, suggesting
that the Dirac-point in SW40 is formed by band-crossing. Fur-
thermore, the calculated density of state (DOS) at the Fermi
level with value of zero can also confirm that SW40 is a
semimetal with Dirac-point formed by band-crossing.
The DFT-based 3D surface band structure of SW40 nearby
the Dirac-point is plotted in Fig. 3 (b) and it clearly shows
that there is a distorted Dirac-cone. We can see that the dis-
torted Dirac-cone in SW40 is formed by the crossing of a local
linear-band and a local flat-band, which is some different from
the Type-I cones in graphene, phagraphene and SW-graphene.
As discussed by Liu et, al. in their recent work52, such a
distorted Dirac-cone with local flat band can be classified as
type-III Dirac-cone. And it can be realized in compressively
strained BP under a periodic field of a circularly polarized
laser to provide us new type of Fermion quasiparticles. We no-
tice that such a new type of Dirac-cone (type-III) in the SW40
is intrinsic and it had been reported in previously proposed
OPG-Z33. Given its excellent stability exceeding than OPG-Z
(348 meV/atom), SW40 (133 meV/atom) is highly expected
to be an experimental target with intrinsic type-III Dirac-cone
for realizing such new Fermion quasiparticles.
Another significant feature of the type-III Dirac-cone is the
high anisotropy. As shown in the 3D surface band structure,
both the occupied and unoccupied bands nearby the Dirac-
point show very different slope in different directions. To
evaluate the anisotropy of the type-III Dirac-cone in SW40,
we calculate the direction-dependent Fermi velocities in the
cone as v f = E(k)/~|k|. As show in Fig. 3 (c), the Fermi
velocity of the new Fermions in SW40 nearby the Dirac-
Cone is strongly anisotropic with a heart-like shape. They
are characterized by a strongly varying Fermi velocities from
2.611 × 103m/s along the −y(θ = 90◦) direction to 5.697 ×
105m/s along to the +y(θ = 270◦) direction. The anisotropy
of the Dirac-cone (A(D)) can be defined as72: A(D)=(vmax(θ)-
vmin(θ))/(vmax(θ)+vmin(θ)), where vmax(θ) and vmin(θ) are the
maximum and minimum of the direction-dependent Fermi ve-
locities in the cone. Based on the data in Fig. 3 (c), we
can easily obtain the anisotropy of the type-III Dirac-cone in
SW40 of A(D) =99.09%, which is gigantic in comparing with
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FIG. 3: (a) Electronic band structures and Density of states of SW40
from DFT (blue) and TB (red) calculations. (b) The 3D band struc-
tures of SW40 nearby the Dirac-point to show its Dirac-cone fea-
ture. (c) The direction-dependent Fermi velocities calculated based
on DFT results (white line).
those in graphene and graphyne type materials72. The intrin-
sic type-III Dirac-cone with strong anisotropy, free from extra
manipulating efforts, will broaden its potential applications in
information applications.
It is interesting that the properties of the type-III Dirac-
cone in SW40 can be effectively tuned by external strains. As
shown in Fig. 4 (a) are partial band structures of SW40 along
Γ-Y k-path under selected biaxial in-plane strains (-8%, -3%,
-1%, 0%, 1%, 3% and 8%). We can see that the Dirac-cone
in SW40 can survive in different strains but the curvatures of
the two energy bands nearby the crossing-point are signifi-
cantly changed, resulting in two transitions from type-III to
type-I in tensile strains and type-III to type-II in compressive
strains, respectively. Under tensile strains, it is found that the
curvatures of the two bands nearby the crossing-point are just
slightly modulated. However, these two crossing bands move
towards to each other (see from Y point) and correspondingly
shift the crossing-point far away from the local flat-band to
gradually form a type-I Dirac-cone under tensile strains.
The shapes of the two crossing bands are obviously
changed and they move depart from each other (see from the
Y point) under compressive stains, which destroy the type-III
Dirac-cone feature and form a new type-II Dirac-point in Γ-
Y. As shown in Fig. 4(b), we have also calculated 3D band
structures to confirm the Dirac-cone features in SW40 un-
der strains -8%, 0% and 8%, respectively. The corresponding
direction-dependent Fermi velocities in Fig. 4 (b) show that
tensile strains will weaken the anisotropy of the Dirac-cone
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FIG. 4: (a) The DFT-based (blue solid lines) and TB-based (red dash
lines) band structures of SW40 under selected strains (-8%, -3%, -
1%, 0%, 1%, 3% and 8%). (b) The direction-dependent Fermi veloc-
ities in type-II (-8%), type-III (0%) and type-I (8%) Dirac-cones and
the corresponding 3D plot of the cones.
and the compressive strains will enhance such a anisotropy.
In Fig. S6, the results suggest that the type-III Dirac-cone
feature in SW40 can survive in the strains range from -1% to
2%, the transition points from type-III to type-II and type-I
are compressive -2% and tensile 3%, respectively. To further
understand the DFT-based results, we adopted a general tight-
binding (TB) model based on the Slater-Koster method to de-
scribe the electrons in SW40 with energy nearby the Fermi-
level. As the electronic states around the Fermi-level are pre-
dominantly contributed by pz orbitals of C atom, only C-pz or-
bital is included in the TB model. The TB Hamiltonian could
be generally written as
H = −
∑
i, j
ti j(c
†
i
c j + h.c.) + επ
∑
i
c
†
i
ci
S =
∑
i, j
si j(c
†
i
c j + h.c.) +
∑
i
c
†
i
ci
(1)
where ti j and si j are the hopping integrals and overlap integrals
of an electron between the i-th and j-th atoms, respectively;
c
†
i
and c j are the creation and annihilation operators. Because
all the atoms are carbons, the on-site energy επ can be set to
0 eV. The distance-dependent hopping integrals and overlap
5integrals are determined by the formula
ti j = Vppπe
q1×(1−di j/d0); si j = S ppπeq2×(1−di j/d0) (2)
d0 is the reference distance and set to be the length of standard
C-C bond (1.426 Å) in graphene, Vppπ and S ppπ are the hop-
ping integrals and overlap integrals between p orbitals at d0.
di j is the distance between the i-th and j-th atom and q1,2 are
the decay constants for the integrals. As di j is larger than the
used cutoff-distance dcut, these integrals are set to be 0. These
tight-binding parameters are fitted by minimizing the standard
deviation function χ(Vppπ, S ppπ, q1, q2) as:
χ(σ) =
√
1
Ndata
∑
n,k
[µn,k × (ET Bn,k − E
DFT
n,k
)]2 (3)
where ET B
n,k and E
DFT
n,k are the n-th TB-based and DFT-based
eigenvalues relative to the corresponding Fermi-level at the
used k-point. µn,k=1 (|EDFTn,k | < σ) or 0 (|E
DFT
n,k | > σ), depend-
ing on the used cutoff energy σ. Ndata is the total number of
data points in the energy area from -σ eV to σ eV for all the
used k-points.
We have fit the above parameters with the cutoff-distance
(dcut) range from 2 Å, 4 Å, 8 Å, 10 Å and 12 Å (as indicated
in Fig.S7) by minimizing the deviation function x(vc) (σ≈1.2)
of the first valance band and the first conduction band. The fi-
nally optimal parameters under dcuts are summarized in Tab.I
together with their χ(vc) and the corresponding band struc-
tures are shown in Fig. S8 (a)-(h) compared with the DFT-
based results. We can see that under dcut of 2 Å the optimized
parameters can not describe the band structures of SW40 well
(χ(vc)=88 meV, high-anisotropy, type-I). The optimized pa-
rameters under dcuts of 4 Å and 6 Å can approximatively de-
scribe the band structures nearby the Fermi-level with stan-
dard deviations χ(vc) of about 38 meV and 27 meV, respec-
tively. However, they both are type-I with high-anisotropy
and can’t fit the DFT-based type-III Dirac-point. Parameters
obtained under dcuts of 8 Å, 10 Å and 12 Å can fit the DFT-
results well, resulting in type-III Dirac-point and low standard
deviation χ(σ) of about 18 meV. Such an excellent agrement
can be understood according to the fact that these dcuts are
greater than 7.445 Å, which are large enough to include the
interactions between adjacent Stone-Wales defects.
The σ-dependent standard deviations χ(σ) shown in Fig.
S7 suggest that the parameters optimized under dcuts of 8 Å,
10 Å and 12 Å can fit the DFT-based band structures very well
in the energy range from -1.5 eV to 1.5 eV. In larger energy
range from -3.75 eV to 3.75 eV, these parameters can also re-
peat the DFT-based band structure well with slightly enlarged
standard deviations χ(σ). As shown in Fig. S9, the parameters
obtained from dcut smaller than 7.445 Å can not fit the DFT-
based bands when we use larger dcuts for calculation. The
parameters can be improved at dcut of 8 Å and the standard
deviation χ(vb) can achieve good convergence in 10 Å and 12
Å. For sp2 hybridized carbon systems, we care about only the
energy area nearby the Fermi-level, especially the first valance
band and the first conduction band. Thus, we finally suggest
using the parameters optimized under dcut of 10 Å to inves-
tigate the band structure of SW40. Based on such optimal
TABLE I: The optimal values of Vppπ, Sppπ, q1 and q2 determined
under different cutoff-distances (dcut) and the corresponding standard
deviations χ(vc). The corresponding band structures are shown in
Fig. S8 and their corresponding Dirac-cone type (DT) are marked in
this table.
dcut Vppπ Sppπ q1 q2 χ(vc) BS DT
2 -2.354 0.0356 5.003 1.216 0.08803 Fig. S8(a) Type-I
4 -1.909 0.4628 1.794 2.136 0.03854 Fig. S8(b) Type-I
6 -2.431 0.3151 1.427 1.349 0.02702 Fig. S8(c) Type-I
8 -1.819 0.4621 1.358 1.205 0.01837 Fig. S8(d) Type-III
10 -1.786 0.4767 1.274 1.183 0.01855 Fig. S8(e) Type-III
12 -1.753 0.4913 1.192 1.161 0.01724 Fig. S8(f) Type-III
parameters under dcut of 10 Å, we calculated the band struc-
tures of SW40 using different dcuts of 8 Å, 6 Å, 5 Å, 4 Å, 3 Å
and 2 Å as shown in Fig. S10 together with the corresponding
standard deviations. We can see that it is difficult to describe
the band structure of SW40, especially the type-III Dirac-cone
feature, if we do not include the interactions between adjacent
Stone-Wales defects (7.445 Å).
We have also estimated the transferability of the finally
used parameters obtained from dcut= 10 Å by comparing the
DFT-based and TB-based band structures of some previously
predicted 2D carbons as shown in Fig. S11. The used test-
ing structures include metals (Octite-M118 and H56712), semi-
metals(Phagraphene32 and SW-graphene23) and semiconduc-
tors (Octite SC19 and Θ-graphene26,27) with different symme-
tries (Hexagonal, Tetragonal and orthorhombic). We can see
that the parameters can commendably fit the DFT-based band
structures nearby the Fermi-level, leaving a relatively small
standard deviations (χ). However, we find that these parame-
ters can not directly repeat the strain effects on the band struc-
ture of SW40 well. Thus, we further introduce two quadratic
polynomials73 to include additional strain-induced decaying-
functions for Vppπ and S ppπ as discussed in the supplementary
file. As shown in Fig.4 (a) and Fig. S6, the modulating effects
of external strains on the band structures SW40, including the
transition of type-III to type-I and type-III to type-II, can be
well described.
In conclusion, we propose a new 2D carbon candidate
SW40 by employing our previously developed RG2 code and
the widely used VASP code. SW40 contains 40 carbon atoms
in its orthorhombic lattice with Pbam symmetry, forming
well-arranged Stone−Wales pattern. Our results show that the
total energy of SW40 is about 133 meV/atom above that of
graphene, indicating that it is more stable than all the previ-
ously predicted 2D carbons. The detailed analysis of elec-
tronic properties reveals that SW40 processes intrinsic type-
III Dirac-cone with high anisotropy. Such a type-III dirac-
cone can by effectively modulated, with two transitions from
type-III to type-I in tensile strains and type-III to type-II in
compressive strains, respectively. Finally, a general tight-
binding model based on the Slater-Koster method was con-
structed and our TB results reveals that the high anisotropic
type-III Dirac-cone in SW40 can be well understood by the
interaction between adjacent Stone-Wales defects.
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